Introduction
inhibits their activation and function by binding to the ligand B7. 5, 6 As such, CTLA-4 is a crucial negative regulator of the anti-tumor immune response and a key target of immune checkpoint therapy. Several anti-CTLA-4 monoclonal antibodies (mAbs) have been developed that block the inhibitory pathway, thereby restoring or enhancing T cell functions in the anti-tumor response. Currently, the two most widely used anti-CTLA-4 drugs in clinical practice are the fully human mAbs ipilimumab and tremelimumab. Both mAbs have shown benefit for several cancers in a number of clinical trials. 7, 8 Nevertheless, despite the beneficial effects of immune checkpoint inhibitors in promoting the anti-tumor response, their mechanism of action in enhancing T cell activity 9 also increases the risk of immune-related adverse events (irAEs), which often affect multiple organs. 8 The most common anti-CTLA-4-associated organ-specific irAEs involve the skin, gastrointestinal tract, liver, and endocrine and nervous systems. In addition, treatment-related hematologic abnormalities, including thrombocytopenia, anemia, and neutropenia, are commonly seen in patients treated with anti-CTLA-4 mAbs and may be related to their immune activities. 10 Musculoskeletal disorders, which can seriously impact the patient's quality of life, have also been observed following treatment with immune checkpoint inhibitors. Their incidence has been investigated for drugs that disrupt the interaction between programmed cell death-1 and its ligand (PD-1-PDL-1); 11 however, little is known about the incidence of musculoskeletal disorders in patients administered anti-CTLA-4 drugs. Several meta-analyses have analyzed irAEs of cancer patients undergoing treatment with CTLA-4 inhibitors, [12] [13] [14] but most of these studies have focused mainly on ipilimumab and examined only a limited number of irAEs. Moreover, a more complete review of the incidence of AEs is justified by the increasing clinical use of anti-CTLA-4 drugs and the potentially severe outcomes if irAEs are not recognized and managed in a timely manner. Here, we performed a systematic review and meta-analysis to evaluate irAEs related to anti-CTLA-4 drugs, with most data collected from ClinicalTrials.gov.
Materials and methods

Search strategy
We searched three databases (PubMed, Cochrane library and Web of Science) from January 1990 to march 2018 to identify all qualified trials. The following items: "anticytotoxic T-lymphocyte-associated protein-4", "anti-CTLA -4", "Ipilimumab", and "tremelimumab" were adopted in Cochrane library and Web of Science with the restriction to language (English) and publication type (clinical trial). As for PubMed searching, the following search strategy was used "((( OR tremelimumab[Title/ Abstract])))" EndNote, a bibliography managing software, was used to integrate our search results and find duplicates.
Study selection
In accordance with the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) guidelines, 15 we applied the Population, Intervention,
Comparator, Outcome, and Study design (PICOS) approach to identify eligible studies. Trials were selected if they were randomized and controlled in nature (S), compared anti-CTLA-4 drugs with control therapies (I, C) in cancer patients (P), and provided information on AEs (O). Nonrandomized controlled trials, including case reports, commentaries, reviews, and quality of life studies, were excluded. Studies were also excluded if the intervention arm was a combination of mAbs, if the control arm was one or more mAb, or the enrolled population had previously been treated with mAbs. After duplicates were removed, two authors (H.X. and P.T.) independently screened the titles and abstracts, and the full text of the selected studies was further reviewed. Any disagreements were resolved by consulting a third reviewer (L.Y.).
Data extraction and outcomes
Data extraction was performed independently by two authors using a pre-designed extraction form. Any discrepancies were resolved by discussion. The following items were extracted from each study by two authors (H.X. and P.T.) independently: author, year, NCT number, trial phase, cancer type, sample size, intervention drugs and doses, control therapies, median follow-up duration in the experiment group, the primary outcome and the description of irAEs. Our primary outcome was the incidence of organspecific irAEs including dermatologic (pruritus, rash,), gastrointestinal (diarrhea, colitis), endocrine (hypophysitis, hyperthyroidism, hypothyroidism, adrenal insufficiency, 
Quality assessment
The Cochrane Risk of Bias Tool 16 was applied to assess the quality of each included trial using the following six items: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, and selective reporting and other sources of bias. Discrepancies were resolved by discussion.
Data synthesis and analysis
When possible, a meta-analysis was performed, and the pooled odds ratios (ORs) and corresponding 95% confidence intervals (CIs) were calculated. A fixed effects model or random effects model (using the inverse variance method) was adopted for the meta-analysis according to the heterogeneity. Heterogeneity was assessed using Cochran Q and I 2 statistics (if P<0.1, heterogeneity was considered present and the random effects model was used). A two-sided P-value of less than 0.05 was deemed statistically significant. If a study involved more than one intervention arm (eg, the trials conducted by Reck et al, 17 Lynch et al, 18 and Hodi et al 8 ) , we separately compared each intervention arm with the control arm. Subgroup analyses were conducted according to the control therapies. Publication bias was detected using the Egger's test. All statistical analyses were performed using STATA 12.0 (Stata Corp, College Station, TX, USA).
Results
Basic characteristics of included trials
The process of study selection is shown in Figure S1 . ipilimumab + gp100 (melanoma peptide vaccine), ipilimumab alone, and gp100 alone. The control arms consisted of a single chemotherapy drug in one trial, two chemotherapy drugs in four trials, radiotherapy in one trial, vaccine (gp100) in one trial, and placebo in three trials. The median follow-up duration was 21 months (range 9.9-63.6 months), and the primary end point in all trials was survival. Data on AEs were available on ClinicalTrials.gov for 10 of the 11 studies (except Ribas et al 24 ); only two trials did not describe irAEs. The risk of bias in the included trials is shown in Table 2 . One of the trials was an open-label, randomized, comparative study and we considered it at high risk of bias for assessing random sequence generation and allocation concealment.
Organ-specific irAEs Table 3 summarizes the incidence of organ-specific irAEs related to anti-CTLA-4 drugs, and Table 4 shows the pooled ORs of irAEs compared with the control therapies.
Dermatologic AEs
Pruritus and rash affected 1022 (25.6%) and 1058 (26.5%) patients, respectively, and were reported in all 11 trials at all grades. The incidence of all grades of pruritus (OR 4.35, 95% CI 3.74-5.07) and rash (OR 4.03, 95% CI 3.22-5.04) was significantly higher for 
months
Notes: # concurrent, ipilimumab + paclitaxel/carboplatin followed by placebo + paclitaxel/carboplatin; phased, placebo + paclitaxel/carboplatin followed by ipilimumab + paclitaxel/carboplatin.
Abbreviations the anti-CTLA-4 treatment groups than the corresponding control groups (Figure 1 ), as was the incidence of severe rash (OR 3.39, P=0.003). There was no significant difference between the experimental and control groups with respect to the incidence of severe pruritus (OR 3.64, P=0.072) ( Table 4) .
Gastrointestinal AEs
Diarrhea and colitis were reported in 11 and 9 studies, and affected a total of 1905 (47.8%) and 254 (6.4%) patients, respectively (all grades). Compared with the control group, the anti-CTLA-4-treated patients had higher overall risks of diarrhea (OR 2.88, 95% CI 2.35-3.78) and colitis Ribas (2013) Reck (2016) Govindan ( 
Beer (2017) Beer (2017) Maio (2017) Maio (2017) Govindan (2017) Govindan (2017) Ribas (2013) Ribas (2013) Reck (2016) Reck (2016) Known (2014) Known ( Figures 3, 4 , and S2). The same trends were observed when the rates of severe AEs were analyzed (Table 4) .
Hepatic AEs
A total of 8, 9, and 9 studies evaluated the incidence of hepatitis, alanine aminotransferase (ALT) levels, and aspartate aminotransferase (AST) levels, respectively, and were found to affect 19 (0.5%), 402 (10.1%), and 361 (9.1%) patients, respectively, in the anti-CTLA-4 intervention groups. Meta-analysis showed that the risks of all three hepatic AEs were higher for the anti-CTLA-4 compared with control groups (hepatitis: OR 4.44, 95% CI 1.51-13.04; ALT: OR 3.28, 95% CI 1.79-6.02; AST: OR 3.12, 95% CI 1.92-5.09) (Figures 5 and S3 ). The same trend held when severe hepatic AEs were analyzed (Table 4) .
Other irAEs
We also analyzed the incidence of pneumonitis, pancreatitis and Guillain-Barre syndrome in our study. (Figure 6 and S4).
Treatment-related AEs
In addition to the organ-specific irAEs, we also examined the incidence of treatment-related AEs including hematologic abnormalities and musculoskeletal disorders (seen in Table 5 ). The pooled odds ratios are exhibited in Table 4 .
Hematologic abnormalities
Anemia, neutropenia, and thrombocytopenia were assessed in nine studies. 
Musculoskeletal disorders
Six musculoskeletal disorders including arthritis, arthralgia, back pain, musculoskeletal pain, bone pain, and myalgia were analyzed in our study. The numbers and rates were 3 (0.1%), 374 (9.4%), 363 (9.1%), 183 (4.6%), 110 (2.8%), and 115 (3.5%) for each musculoskeletal problem related to anti-CTLA-4 drugs, respectively ( 
Discussion
The aim of this study was to provide further understanding of the incidence of irAEs related to anti-CTLA-4 drugs with the ultimate goal of assisting clinicians in treating patients with this drug class. We analyzed 11 randomized controlled trials that included a total of nearly 4000 patients treated with ipilimumab or tremelimumab and provided precise data of the common and important AEs involving multiple organs. To our knowledge, this is the most comprehensive meta-analysis of the incidence and risk of organ-specific irAEs following anti-CTLA-4 therapy in cancer patients, and additionally, we believe this is the first meta-analysis to comprehensively evaluate the incidence of anti-CTLA-4 treatment-related hematologic abnormalities and musculoskeletal disorders compared with control treatments.
Among the strengths of our study is the inclusion of AE data mainly collected from ClinicalTrials.gov (10 of 11 trials). Several meta-analyses have previously investigated anti-CTLA-4-related AEs, [12] [13] [14] but most of them focused mainly on ipilimumab and evaluated a limited number of irAEs. Compared with these studies, we included ipilimumab and tremelimumab and analyzed more trials and more irAEs, which is a strength but could also be a source of inconsistency between the studies. Unlike the study conducted by Velasco et al, 13 we
found an increased risk of all-grade AST elevation and high-grade hypothyroidism with CTLA-4 inhibitors compared with control therapies, although our findings were largely the same with regard to rash and colitis.
Collection of the data directly from ClinicalTrials.gov enabled us to evaluate useful information on AEs with relatively low clinical awareness, such as hematologic and musculoskeletal disorders. Our findings are of considerable clinical importance for multidisciplinary cooperation. As the use of immune checkpoint inhibitors in cancer treatment increases, AEs related to this drug class will require the participation of doctors from departments other than oncology 26 to ensure adequate management of multi-organ AEs. In our study, the Beer (2017) Beer (2017) Maio (2017) Maio (2017) Govindan (2017) Govindan (2017) Ribas (2013) Ribas (2013) Reck (2016) Reck (2016) Known (2014) Known ( rates of all-grade pruritus, rash, diarrhea, and ALT elevation exceeded 10%, and serious diarrhea and colitis were also common (9.8% and 5.3%, respectively). Similarly, all-grade hematologic AEs were high (ranging from 18% to 5.2%), but serious events were less frequent (0.7-2%), consistent with previous reports. 10, 27, 28 The incidence of musculoskeletal disorders associated with anti-PD-1-PD-L1 therapy has recently been investigated in a meta-analysis, 11 and inflammatory arthritis is a well-known AE associated with immune checkpoint inhibitors. 29, 30 Optimal management of these potentially serious AEs requires multidisciplinary cooperation to best serve cancer patients treated with checkpoint inhibitors.
Many of the increased risks of irAEs identified here were also noted in the recent meta-analysis of irAEs associated with anti-PD-1 drugs, 11 including all-grade rash (OR 4.03 here vs 2.34 in the study by Baxi et al 11 ), colitis (OR 14.62 vs 2.88), hypothyroidism (7.86 vs 6.92), and hypophysitis (5.30 vs 3.38), although the risks were higher with anti-CTLA-4 mAbs, especially colitis. However, we detected an increased risk of diarrhea and hepatitis with anti-CTLA-4 mAbs, which was not observed with anti-PD -1/PD-L1, 11 and conversely, an increased risk of pneumonitis (OR 3.82) was associated with anti-PD-1-PD-L1 drugs, 11 but not with anti-CTLA-4 drugs (this study), compared with the control therapies.
Questions remain about whether some of these discrepancies may be due to inaccurate and/or inconsistent identification of AEs associated with immune checkpoint inhibitors. To avoid this, we must have a better understanding of the characteristics, timing, and outcomes of these AEs. The full spectrum of irAEs associated with immune checkpoint drugs is not yet clear, because some may emerge early and result in a high mortality rate (eg, myocarditis 31 ) and others may appear too late to be recognized within the restricted period of follow-up for most studies. It is crucial that clinical trials collect and report as much information as possible on AEs resulting from administration of immune checkpoint inhibitors, and their reporting should also follow the most up-to-date edition of the Common Terminology of Clinical Adverse Events.
In our meta-analysis, we detected some inconsistencies in reporting terms for the irAEs across trials. Although collection of data from ClinicalTrials.gov enabled us to access more information on AEs (reported according to the Common Terminology of Clinical Adverse Events guidelines) compared with the published literature, recognition of AEs is highly subjective and relies on personal experience, which may contribute to cross-trial inconsistencies. For instance, some well-described irAEs (colitis, hepatitis, and hypothyroidism) may be correctly recognized and reported, whereas less common AEs (eg, Guillain-Barre Beer (2017) Maio (2017) Govindan (2017) Ribas (2013) Reck (2016) Known ( Beer (2017) Maio (2017) Govindan (2017) Ribas (2013) Reck (2016) Known ( Some limitations of our study should also be noted. First, some AEs may not have been recognized and/or reported, leading to underestimation of their rate and overestimation of drug safety. 32 Second, pooling of the irAEs may have been affected by inconsistencies in the definition of irAEs. 8, 23, 25 Third, our study included only two randomized controlled trials of tremelimumab, with the majority focusing on ipilimumab; thus, the incidence of AEs might be related mainly to ipilimumab rather than anti-CTLA-4 drugs as a class. Fourth, some AEs were relatively rare and only reported in a few trials, potentially contributing to publication bias. Fifth, because the control therapies differed (placebo, chemotherapy, radiation therapy, vaccine), we performed subgroup analyses to try to eliminate confounding bias. Sixth, a previous study showed that the rate of AEs was associated with the ipilimumab dose. 33 Our dataset included one randomized controlled trial with 3 mg/kg ipilimumab, one with 15 mg/kg tremelimumab, and the remainder with 10 mg/kg mAb, which precluded analysis of dose dependency. Finally, the relatively short duration of follow-up may have underestimated the rates of some events. Going forward, standard criteria for irAEs and longer follow-up times might be helpful in understanding irAEs related to anti-CTLA-4 therapy.
Conclusion
In this meta-analysis, we found that anti-CTLA-4 mAbs carried an increased risk of serious organ-specific irAEs compared with control therapies, most frequently involving the gastrointestinal system. However, the rates of hematologic abnormalities and severe musculoskeletal disorders were the same as with control therapies. Our results underscore the need for clinical awareness of irAEs related to the treatment of cancer patients with anti-CTLA-4 drugs.
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